A therosclerosis is a chronic multifactorial disease characterized by the accumulation of lipids, fibrous tissue, and inflammatory cells in the large arteries. Whereas the earliest type of lesion consists mainly of lipid-laden foam cells and some T cells, the feature of advanced lesions is the accumulation of lipid-rich necrotic debris, encapsulated by a fibrous cap consisting of extracellular matrix produced by smooth muscle cells (SMCs). In the process of plaque development, complex cellular interactions between cells of the vessel wall and the immune system result in thinning of the fibrous cap, growing lipid core, increased inflammatory activity, and neovascularization. These processes lead to plaque instability and may result in plaque rupture, which is a common pathogenetic feature in a majority of acute manifestations of atherosclerosis, such as acute coronary syndrome and stroke. 1 Connective tissue growth factor (CTGF), a potent angiogenic, chemotactic, and extracellular matrix-inducing growth factor, is produced by a wide variety of cells, including endothelial cells (ECs), SMCs, and fibroblasts. At low levels, CTGF supports wound healing by connective tissue formation after tissue injury and plays a role in angiogenesis and skeletal development. 2 However, overexpression of CTGF gene was implicated in progression of many chronic inflammatory-fibroproliferative disorders, such as glomerulosclerosis, pulmonary fibrosis, and cirrhosis. 3 As reported by Oemar et al, 4 CTGF mRNA is expressed at very high levels in atherosclerotic but not in normal human blood vessels. CTGF-producing cells in plaques, mainly nonproliferating SMCs and ECs, were detected predominantly along the shoulders of the fibrous cap. However, CTGF protein expression in relation to plaque morphology has not been investigated, and the role of this growth factor in atherosclerosis remains controversial. CTGF may reduce the likelihood of plaque rupture through extracellular matrixmediated stabilization of the fibrous cap. On the other hand, it may contribute to plaque destabilization by inducing SMCs to undergo apoptosis. 5 It was also shown that CTGF acts as an adhesion factor for activated platelets and monocytes via integrins ␣IIb/␤3 and ␣M/␤2, respectively. 6, 7 These findings suggest that this protein may be involved in promoting platelet and monocyte adhesion to dysfunctional endothelium, and in the formation of platelet-rich thrombi at ruptured atherosclerotic lesions.
In this study, we investigated the occurrence and distribution of CTGF protein in atherosclerotic plaques and correlated it with different types of plaque morphology. Moreover, we associated the CTGF levels with known risk factors for atherosclerosis and with patients' medication. We report here a significant increase in the mean number of CTGF-expressing cells in complicated (type VI) compared with fibrous (type IV and V) plaques. Furthermore, CTGF is shown to induce chemotaxis in human mononuclear cells in vitro, suggesting an active role of this protein in atherosclerosis.
Materials and Methods
The Materials and Methods section is available online at http://atvb.ahajournals.org.
Results

CTGF Protein Is Overexpressed in Advanced Atherosclerotic Plaques
According to their morphologies, the plaques were defined as fibrous (AHA type IV and V; nϭ21) or complicated plaques (type VI; nϭ24). To confirm the previous report of Oemar, 4 the cross-sections of 5 of 45 carotid specimens from regions bordering with morphologically normal vessel were used to mimic initial stages of plaque development. These crosssections of preatheroma morphology contained very few CTGF-positive cells in immunohistochemical analysis (24.2Ϯ5.1 versus 76.9Ϯ5.9 in plaques [type VI-VI]; PϽ0.01). In accordance with the study by Oemar, 4 this finding was subsequently confirmed using in situ hybridization method, which detected increased CTGF mRNA expression mainly in SMCs and luminal ECs of advanced plaques, whereas in cross-sections of preatheroma morphology, CTGF expression was limited to scarce ECs at the lumen ( Figure  1A ). In advanced plaques, levels of CTGF protein were significantly higher in complicated (type VI) lesions (93.9Ϯ8.3; nϭ24) compared with fibrous plaques (57.5Ϯ6; nϭ21; Pϭ0.002; Figure 1B and 1C) .
The presence of CTGF protein was compared with clinical data and the current medication of the patients (Table) . There were no significant correlations between mean CTGF-positive cell numbers and smoking, diabetes mellitus, hyperlipidemia, or hypertension. In plaques of patients with acute cerebral symptoms, there was a trend for increased levels of CTGF protein compared with asymptomatic patients (84.8Ϯ8.1, nϭ27 versus 66.8Ϯ8.5, nϭ18; Pϭ0.13). Treatment with aspirin, angiotensinconverting enzyme (ACE) inhibitors, clopidogrel, or angiotensin II type 1 receptor antagonists had no effect on the CTGF expression in plaques. A reduction in the level of CTGF was observed in plaques from patients treated with statins (56.6Ϯ5.4, nϭ11 versus 85.9Ϯ7.7 in untreated patients, nϭ34; Pϭ0.013). However, the prevalence of fibrous plaque morphology and of concomitant treatment with ACE inhibitors was much higher in this group and might contribute to the decreased CTGF level in these patients.
Distribution of CTGF in Advanced Atherosclerotic Plaques
In the cross-sections of the vessel regions exhibiting preatheroma morphology, CTGF-positive cells localized mainly to lumen endothelium and thickened intima, whereas no CTGF was observed in media or in contralateral intima (data not shown). In advanced plaques, CTGF-positive staining was localized mainly to the plaque shoulders, fibrous cap, and the borders of the lipid core ( Figure 2A ). The plaque shoulder with the stronger degree of inflammation was defined as plaque shoulder-1, and the other as plaque shoulder-2. As shown in Figure 2B, The trend for increased occurrence of CTGF-positive cells was also observed in the contralateral intima and the plaque shoulder-2 of complicated plaques; however, it was not statistically significant (PϽ0.07). There were no differences between the numbers of CTGF-positive cells in the media of complicated versus fibrous plaques.
CTGF Presence Is Associated With Intimal Neovascularization and Inflammation
The numbers of CTGF-positive cells were greatly dependent on the plaque vulnerability, with CTGF-expressing cells localized particularly in the areas of complications (ie, intimal neovascularization [ Figure 3A ], endothelial erosion, mural thrombi, or the sites of heavy infiltration with inflammatory cells). In particular, average numbers of CTGF-positive cells were significantly higher in plaques undergoing neovascularization (88.4Ϯ8.5; nϭ25) compared with plaques without neovascularization (62.7Ϯ6.8; nϭ20; Pϭ0.03).
In all analyzed plaques, macrophage and T-cell infiltration occurred coincidentally and was most pronounced in plaque shoulder-1 and in the areas bordering the lipid core. Macrophages always outnumbered lymphocytes, but both cell types were significantly more abundant in complicated (type VI) than in fibrous plaques (types IV and V). Mean macrophage cell numbers in complicated plaques were 86.3Ϯ5.6 versus 59.5Ϯ6. Immunohistochemical analysis showed that CTGF protein was often expressed by cells of macrophage-like morphology. Because the results of double-immunostaining of the same cell type are often unclear because of the color overlap, we performed the staining on serial 2-m sections, which allows identification of single cells. The sections were stained either for anti-CD68 as macrophage/foam cell marker or for anti-SM actin as SMC marker. CTGF-positive cells were detected on the parallel sections. The results of the staining ( Figure 3C , top) clearly demonstrate that the majority of CD68-positive cells are also positive for CTGF. On the other hand, a subpopulation of CD68-negative cells of SMC-like morphology from the same area also showed strong CTGF expression. These results were confirmed by staining with SMC marker, which showed that some but not all SMCs express CTGF ( Figure 3C , bottom).
CTGF Is Taken Up by Macrophages In Vitro and Acts As Chemoattractant for Peripheral Blood Mononuclear Cells
Immunohistochemical analysis showed that the presence of CTGF protein in plaques was often associated with macrophages/foam cells ( Figure 3C ). However, macrophages did not express CTGF mRNA in Northern blot analysis 4 or in situ hybridization 4, 12 (data not shown). Therefore, we investigated whether stimulated macrophages can produce CTGF in vitro. For this purpose, monocyte-derived macrophages were incubated with transforming growth factor-␤ (TGF-␤) or thrombin, both known to induce CTGF in other cell types, 13, 14 or with lipopolysaccharide (LPS). The stimulation of macrophages with TGF-␤, thrombin, or LPS had no inducing effect on CTGF expression ( Figure 4A ). However, macrophages cultured with medium containing CTGF could take up CTGF from the medium, as demonstrated by Western blotting ( Figure 4B ). After 2 hours of culture, Myc-tagged CTGF was observed in washed cell pellets, whereas in the negative control samples without added recombinant CTGF, no CTGF bands were detectable either in cell pellets or in culture media. Detected CTGF was clearly not a result of platelet contamination because its molecular weight corresponded to the size of the recombinant CTGF containing a tag (42 versus 38 kDa of endogenous CTGF). The exogenous origin of CTGF was further confirmed by Western blot analysis using anti-Myc tag antibody ( Figure 4B, right) .
To prove the physiological relevance of CTGF-monocyte/ macrophage interactions we performed a chemotaxis assay. As shown in Figure 4C , CTGF (10 to 100 ng/mL) induced Values are expressed as meanϮSEM or n (%). AT1R indicates angiotensin II type 1 receptor.
The differences in occurrence of risk factors, symptoms, and therapies between the 2 groups were analyzed using Fisher exact test.
Mean age and body mass index were compared using Mann-Whitney rank sum test.
peripheral blood mononuclear cell (PBMC) migration in a dose-dependent manner. The mean number of migrated cells in the control wells without chemoattractant (56.1ϫ10 3 cells) was set as a baseline. There was a statistically significant increase in the number of migrated nonadherent cells already at 10 ng/mL of CTGF (nϭ3; PϽ0.05 versus control wells). At 100 ng/mL CTGF, a Ͼ3-fold increase in migrated cell numbers was observed (nϭ5; PϽ0.001 versus control). To prove that the observed induction of PBMCs migration is CTGF specific, we performed further experiments adding to the lower wells heparin, which is known to bind CTGF. 7 Because the highest chemoattractant activity was observed at 100 ng/mL of CTGF, this concentration was used in the subsequent assays. In the presence of heparin (10 g/mL), the chemotactic response to CTGF was reduced by 41% (nϭ3; Pϭ0.002 versus CTGF alone; Figure 4D ). Furthermore, the preincubation of PBMCs with heparin (10 g/mL; 20 minutes at 25°C) suppressed CTGF-induced chemotaxis by 47% (nϭ3; Pϭ0.002 versus untreated cells; Figure 4D ), implying that cell surface heparan sulfate proteoglycans are required for CTGF-mediated PBMC migration.
Discussion
The present study reports increased CTGF expression in complicated versus fibrous plaques, as well as colocalization of CTGF protein with inflammatory infiltrates and intimal neovascularization in advanced atherosclerotic lesions. Additionally, our study demonstrated the strong chemotactic effect of CTGF on PBMCs in vitro. These findings support the hypothesis that CTGF may play an active role in atherosclerosis by promoting monocyte migration into lesions and inducing intimal angiogenesis.
Chronic inflammatory responses in atherosclerosis lead to increased leukocyte accumulation and production of metalloproteinases, often resulting in degradation of the fibrous cap and plaque rupture. Clinically, in most patients, fatal coronary/cerebral events occur as a result of erosion or more often through uneven thinning and rupture of the fibrous cap. 1 On the basis of post mortem analyses of culprit plaques, the following criteria for defining vulnerable plaques were listed: large lipid core, thin fibrous cap, remodeling, active plaque inflammation, and superficial platelet aggregation. 15 Angiogenesis and superficial calcified nodules were also included as markers of vulnerability. The presence of 1 or a combination of these factors in the lesion may warrant higher risk of plaque complications. In light of these data, the finding that CTGF protein is overexpressed in complicated plaques and correlates positively with the numbers of inflammatory cells within the plaque may underscore the pathophysiologic importance of this growth factor in the progression of atherosclerosis. CTGF gene expression in ECs and SMCs is strongly upregulated by various cytokines (TGF-␤, platelet- derived growth factor, and basic fibroblast growth factor 16 ), it was also reported to be induced in ECs by hypoxia, 17 lipid mediators, 18 and nonuniform shear stress. 19 In the inflammatory fibroproliferative conditions of atherosclerosis, all these factors may act in concert to enhance CTGF protein production by ECs and SMCs. Furthermore, in advanced atherosclerotic lesions, the levels of cAMP, which interfere with CTGF expression in fibroblasts 13, 20 and SMCs, 21 are markedly decreased. 22 The reduced CTGF-suppressive activity in plaque may thus contribute to CTGF overexpression.
CTGF protein in advanced plaques was observed particularly in the rupture-prone shoulder of the plaque, at the borders of the lipid core, and in areas of complications (ie, endothelial erosion and neovascularization). Intimal neovascularization is thought to relate to intraplaque hemorrhage, plaque rupture, and subsequent intravascular thrombosis. 23 Newly formed blood vessels are often associated with chronic inflammatory infiltrates and the formation of granulation-like tissue. In this context, various cytokines were shown to induce ECs transformation into angiogenic phenotype, the most potent of them being vascular endothelial growth factor (VEGF), which is also overexpressed in advanced atherosclerotic lesions. 24 Because the mechanisms of intimal angiogenesis are poorly understood, the possible interactions between CTGF and VEGF in the plaques remain unknown. However, the presence of increased numbers of CTGFpositive cells in neovascularization areas agrees with its proposed angiogenic activity. Apart from CTGF, cystein-rich 61 (CYR61), another member of CCN protein family (CYR61, CTGF, and nephroblastoma overexpressed [NOV] is overexpressed in human and mouse atherosclerotic lesions and colocalizes with angiotensin II in neovascularization areas. 25 It is not known whether CTGF in atherosclerotic lesions is also upregulated by angiotensin II; however, recent evidence showed it is angiotensin II inducible in myocardium, renal artery, 26 and aorta 27 of hypertensive rats. CTGF and CYR61 can promote EC growth, migration, and proliferation, 16 and production of metalloproteinases. 17 Thus, the possible upregulation of CTGF by angiotensin II or by hypoxia in the deeper layers of atherosclerotic intima may act as additional angiogenic stimulus.
In agreement with previous studies by Oemar, 4 we detected CTGF mRNA expression in SMCs and ECs of advanced lesions but not in plaque macrophages. Also, the Northern blot analyses of circulating and alveolar macrophages 4 and RT-PCR of peripheral blood monocytes (M. Goppelt-Struebe, unpublished data, 2002) failed to detect the CTGF transcripts in these cells. In contrast, histochemical results of this and previous studies reported the presence of CTGF protein in macrophages of atherosclerotic plaque, developing granulation tissue during wound healing 12 and human bone marrow (I. Cicha, unpublished data, 2003) . Thus, we investigated whether the stimulation of monocyte-derived macrophages in vitro may induce CTGF production. TGF-␤, thrombin, and LPS failed to induce CTGF synthesis by macrophages, pointing to endocytosis as a possible mechanism of CTGF uptake. As we reported previously, 11 megakaryocytic endocytosis of CTGF from the extracellular fluid in the bone marrow is a likely mechanism of uptake of this protein into platelet ␣-granules. In the present study, macrophages cultured in presence of CTGF were able to take up CTGF from the culture medium, as demonstrated by Western blot analysis. Wahab et al 28 demonstrated that CTGF is internalized from the mesangial cell surface in endosomes; however, it is unclear whether macrophages take up CTGF by phagocytosis or via a specific receptor. Activated human monocytes were shown previously to adhere to CTGF via integrin ␣M/␤2, 7 but it remains to be investigated whether CTGF is also internalized as a ligand of this integrin. Also, the functional meaning of CTGF uptake is unknown so far. Importantly, integrin outside-in signaling in monocytes/macrophages often involves upregulation of proinflammatory cytokines such as interleukin-1␤. 7 CTGF was shown to upregulate matrix metalloproteinase expression in ECs. 17 It is thus possible that it can induce similar response in macrophages. Further detailed studies will be necessary to characterize the functional interactions between monocytes and CTGF and specific intracellular signal transduction pathways in these cells in response to CTGF. shows CTGF uptake from culture medium. Recombinant-purified CTGF at 0.4 g/mL was used as a positive control (c); ø indicates macrophages; m, culture medium. Results are representative of 3 independent experiments. C, CTGF induces a dose-dependent chemotactic response in PBMCs. Values from control wells (no chemoattractant in the lower chamber) were set as a baseline. Monocyte chemoattractant protein-1 (MCP-1; 50 ng/mL; positive control) or CTGF at 10 to 100 ng/mL was placed in the lower chamber, and the cells were allowed to migrate for 1 hour at 37°C. Results are expressed as meanϮSEM; number of experiments given in brackets. To compare the data from different groups, 1-way ANOVA was used; **PϽ0.001; *PϽ0.05 vs control wells; ‡PϽ0.01 vs 100 ng/mL CTGF. D, CTGF-induced chemotaxis is inhibited by heparin. CTGF-induced chemotaxis values (CTGF; 100 ng/mL) were set as 100%. CTGFϩheparin, 100 ng/mL CTGFϩ10 g/mL heparin were added to lower wells; PBMCsϩheparin, cells were preincubated with 10 g/mL heparin for 20 minutes at 25°C and allowed to migrate toward 100 ng/mL CTGF. Results are expressed as meanϮSEM of 3 independent experiments. Paired t test was used to compare the data between groups; *Pϭ0.002.
In our study, we demonstrated that CTGF induces a dose-dependent chemotactic response in PBMCs. This effect may be physiologically relevant in chronic conditions of atherosclerosis. Platelet adhesion and mural aggregates of platelets are ubiquitous in the initiation and generation of atherosclerotic lesions. 1 Platelets precede monocytes in adhesion to dysfunctional endothelium and, on activation, release their granules, which contain cytokines and growth factors, among them CTGF. 11 CTGF acting in concert with other chemoattractants may thus lead to the enhanced adhesion and migration of monocytes across the endothelium. In this study, CTGFdependent chemotaxis was inhibited by pretreatment of cells with heparin, pointing to the involvement of heparan sulfate proteoglycans in the mononuclear cell response to CTGF. These data should stimulate further studies to identify other receptor(s) and signaling pathways responsible for CTGF-mediated monocyte migration.
In conclusion, this study demonstrated that CTGF protein is increased in complicated versus fibrous atherosclerotic plaques. Furthermore, the in vitro results show that by stimulation of chemotaxis, CTGF could contribute to mononuclear cell recruitment in the artery wall. Further research will be required to elucidate the contribution of CTGF to plaque development and to investigate the mechanisms of CTGF-monocyte interactions in atherosclerosis.
Patients and arterial specimens
Carotid specimens containing the entire intima and a part of the media were obtained from 45 consecutive patients undergoing carotid endarterectomy. Preoperative duplex scanning, magnetic resonance imaging, or angiography of the carotid arteries, were performed. Endarterectomy specimens were fixed in formalin and decalcified in EDTA buffer for 4 days. Apart from the cross-sections of 45 plaques, the cross-sections of the arteries at the border of the plaque and morphologically normal vessel were obtained from 5 out of 45 specimens used in this study. These cross-sections, exhibiting only minor thickening, were used to mimic initial stages of plaque development and are referred to as "cross-sections of preatheroma morphology".
According to AHA classification, the plaques used in this study were grouped into fibrous (type IV (n=10) and type V (n=11), total n=21) and complicated (type VI, n=24) on the basis of their morphological characteristics (9) . There were no significant differences in the clinical data of patients from both study groups (see Table 1 ). By the time of the surgery the majority of patients were receiving aspirin therapy. N=11 of patients were treated with HMG-CoA reductase inhibitors (statins). The numbers of patients receiving other medication are given in Table 1 . The study was approved by local ethics committees and informed consent was obtained from all patients.
Immunohistochemical staining
Paraffin-embedded serial cross-sections of 4 µm thickness were placed on silane- Finally, the specimens were stained for 60-90 sec with 3,3´-diaminobenzidine tetrahydrochloride (DAB) and counterstained with haematoxylin (DakoCytomation).
Irrelevant isotype-matched antibodies were used to obtain negative controls.
Image quantification
Digital images of atherosclerotic plaques were obtained by a CCD-camera (Nikon DXM-1200, Duesseldorf, Germany) at a magnification x20. The sizes of the lipid core area 
In situ hybridization
Digoxigenin-labelled RNA probes were prepared using the DIG RNA labelling kit (Roche), with DNA fragments of human CTGF and human 28s as templates. Paraffin sections of 12 plaques were dewaxed and rehydrated. Subsequent slide preparation and hybridization was by standard techniques as previously described (10) . DIG was detected using alkaline phosphatase-conjugated anti-DIG antibody, and visualised with nitro blue tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate for 16 to 64 hours.
Macrophage culture
Peripheral blood mononuclear cells (PBMCs) from healthy donors were separated by density gradient centrifugation using Vacutainer cell preparation tubes (Becton Dickinson, Heidelberg, Germany). Monocytes were separated by adhesion for 1 h at 37°C.
Differentiation of adherent cells into macrophages was carried out for 6 days in RPMI 1640
supplemented with 2 mmol/L glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin, 10%
FCS and 10% autologous serum. After day 6 differentiated macrophages were cultured for 24 h in the presence or absence of 5 ng/mL TGF-β, 0.1 µg/mL LPS, 5 U/mL thrombin. To investigate whether macrophages take up CTGF, the cells were incubated for 2 h with 0.4 µg of CTGF per 1 ml of medium. After treatment, the media were collected and the harvested cells were washed with PBS. The pellets and the media were frozen until analysis.
Western blot analysis
The lysis of cell pellets and subsequent Western blot analysis was carried out as described before (11) . CTGF was detected using goat anti-human CTGF antibody (1:250) for 2 h, and visualised using enhanced chemiluminescence system (ECL-Plus, Amersham, Freiburg, Germany).
Migration assay
The effect of CTGF (10-100 ng/mL) on PBMCs migration was assessed in a 48-well microchamber (NeuroProbe, Gaithersburg, MD, USA). Briefly, the lower wells were filled with 28 µL serum-free RPMI 1640. MCP-1 (50 ng/mL) was used as a positive control. The upper wells were filled with 56 µL of freshly isolated PBMCs (1.5x10 6 cells/mL), and separated from the lower compartment by 8 µm-pore, collagen-coated polycarbonate membrane (Nucleopore, NeuroProbe). After incubation for 1 h at 37°C, migrated nonadherent cells from the lower wells were counted using a Bürker-Türk counting chamber. All samples were run in hexaplicate and averaged. For collagen-coating, the filter membranes were incubated in 20 µg/mL collagen-1 at 4°C overnight.
Statistical analysis
Data were expressed as mean ± SEM, unless stated otherwise. P<0.05 was considered statistically significant. The clinical data of the study patients were compared by Fisher Exact
Test. The Mann-Whitney Rank Sum Test was used to compare the mean numbers of positivecells between the different study groups. The correlation between the mean CTGF-positive cell number and inflammatory cell number in atherosclerotic plaques was analyzed by Spearman Rank Order Correlation test. The differences in PBMCs migration in response to CTGF were analyzed using one way ANOVA.
